The -opioid receptor (MOR, encoded by Oprm1) agonists are the mainstay analgesics for treating moderate to severe pain. Nerve injury causes down-regulation of MORs in the dorsal root ganglion (DRG) and diminishes the opioid effect on neuropathic pain. However, the epigenetic mechanisms underlying the diminished MOR expression caused by nerve injury are not clear. G9a (encoded by Ehmt2), a histone 3 at lysine 9 methyltransferase, is a key chromatin regulator responsible for gene silencing. In this study, we determined the role of G9a in diminished MOR expression and opioid analgesic effects in animal models of neuropathic pain. We found that nerve injury in rats induced a long-lasting reduction in the expression level of MORs in the DRG but not in the spinal cord. Nerve injury consistently increased the enrichment of the G9a product histone 3 at lysine 9 dimethylation in the promoter of Oprm1 in the DRG. G9a inhibition or siRNA knockdown fully reversed MOR expression in the injured DRG and potentiated the morphine effect on pain hypersensitivity induced by nerve injury. In mice lacking Ehmt2 in DRG neurons, nerve injury failed to reduce the expression level of MORs and the morphine effect. In addition, G9a inhibition or Ehmt2 knockout in DRG neurons normalized nerve injury-induced reduction in the inhibitory effect of the opioid on synaptic glutamate release from primary afferent nerves. Our findings indicate that G9a contributes critically to transcriptional repression of MORs in primary sensory neurons in neuropathic pain. G9a inhibitors may be used to enhance the opioid analgesic effect in the treatment of chronic neuropathic pain.
The -opioid receptor (MOR, encoded by Oprm1) agonists are the mainstay analgesics for treating moderate to severe pain. Nerve injury causes down-regulation of MORs in the dorsal root ganglion (DRG) and diminishes the opioid effect on neuropathic pain. However, the epigenetic mechanisms underlying the diminished MOR expression caused by nerve injury are not clear. G9a (encoded by Ehmt2), a histone 3 at lysine 9 methyltransferase, is a key chromatin regulator responsible for gene silencing. In this study, we determined the role of G9a in diminished MOR expression and opioid analgesic effects in animal models of neuropathic pain. We found that nerve injury in rats induced a long-lasting reduction in the expression level of MORs in the DRG but not in the spinal cord. Nerve injury consistently increased the enrichment of the G9a product histone 3 at lysine 9 dimethylation in the promoter of Oprm1 in the DRG. G9a inhibition or siRNA knockdown fully reversed MOR expression in the injured DRG and potentiated the morphine effect on pain hypersensitivity induced by nerve injury. In mice lacking Ehmt2 in DRG neurons, nerve injury failed to reduce the expression level of MORs and the morphine effect. In addition, G9a inhibition or Ehmt2 knockout in DRG neurons normalized nerve injury-induced reduction in the inhibitory effect of the opioid on synaptic glutamate release from primary afferent nerves. Our findings indicate that G9a contributes critically to transcriptional repression of MORs in primary sensory neurons in neuropathic pain. G9a inhibitors may be used to enhance the opioid analgesic effect in the treatment of chronic neuropathic pain.
Chronic neuropathic pain resulting from damage to the peripheral or central nervous system causes agonizing suffering and reduced quality of life. Neuropathic pain is often resistant to conventional analgesic treatments and remains a major therapeutic challenge. Opioid drugs such as morphine produce their therapeutic effects through binding to the -opioid recep-tors (MORs, 3 encoded by Oprm1) (1, 2) and are widely used to treat moderate to severe pain. In patients with neuropathic pain, however, the analgesic potency of MOR agonists is reduced (3, 4) . The opioid effects are also diminished in animal models of neuropathic pain (5) (6) (7) . MORs expressed at primary sensory neurons and their central terminals in the spinal dorsal horn are essential for the analgesic effects of opioids (8 -10) . Peripheral nerve injury reduces the expression level of MORs in the dorsal root ganglion (DRG), contributing to the loss of opioid analgesic efficacy in neuropathic pain (6, 11, 12) . However, the epigenetic mechanisms by which nerve injury leads to diminished MOR expression in the DRG remain unclear.
Transcriptional homeostasis is largely maintained by the dynamic balance between positive and negative regulation of gene transcription. Gene expression is critically controlled by chromatin structure and the modification status of histone tails (13) (14) (15) . DNA methylation and histone modifications are two major components of the epigenetic mechanisms of gene expression. The euchromatin histone methyltransferases are a family of evolutionarily conserved proteins that write part of the epigenetic code through methylation of histone 3 at lysine 9 (H3K9). H3K9 dimethylation (H3K9me2) is commonly associated with gene silencing (16 -18) . H3K9me2 is catalyzed by an enzymatic complex comprised of the histone H3K9 dimethyltransferases G9a (encoded by Ehmt2) and G9a-like protein (GLP) (17) (18) (19) (20) . G9a and GLP form a heterodimeric complex. Genetic ablation of either of these proteins results in the loss of H3K9me2 and produces nearly identical phenotypes, such as early embryonic lethality and abnormal gene transcription (18, 20) . G9a is present in the nucleus of DRG neurons, and nerve injury increases the protein level of G9a and H3K9me2 in the DRG tissue, accounting for the down-regulation of various potassium channels in neuropathic pain (21) . However, it is not clear whether or to what extent G9a is involved in nerve injuryinduced transcriptional repression of Oprm1 in the DRG.
In this study, we investigated the role of G9a in the epigenetic silencing of the Oprm1 gene in the DRG and the diminished opioid effects in rodent models of neuropathic pain. We found * This work was supported by grants from the National Institutes of Health (DE022015 and NS073935) and by the N. G. and Helen T. Hawkins Endowment (to H. L. P.). The authors declare that they have no conflicts of interest with the contents of this article. The content is solely the responsibility of the authors and does not necessarily represent the official views of the National Institutes of Health. 1 Both authors contributed equally to this work. 2 that nerve injury consistently increased the enrichment of H3K9me2 in the promoter region of Oprm1. Remarkably, G9a inhibition or selective deletion of Ehmt2 in DRG neurons completely restored nerve injury-induced reduction in MOR expression and in the opioid effects on nociception and synaptic transmission between primary afferent nerves and spinal dorsal horn neurons. Thus, our study reveals that G9a-mediated H3K9me2 has a critical function in the transcriptional silencing of Oprm1 in injured DRGs and in the diminished opioid analgesic effect on neuropathic pain.
Experimental Procedures
Rat Model of Neuropathic Pain and Drug Treatment-We used male Sprague-Dawley rats (9 -10 weeks old; Harlan, Indianapolis, IN) in this study. All of the experimental protocols were approved by the Animal Care and Use Committee of the University of Texas MD Anderson Cancer Center and conformed to the National Institutes of Health guidelines for the ethical use of animals. Spinal nerve ligation (SNL) was used as an experimental model of neuropathic pain, as described previously (22, 23) . Briefly, we induced anesthesia with 2-3% isoflurane, isolated the left L5 and L6 spinal nerves under a surgical microscope, and ligated them with a 6 -0 silk suture. Control rats underwent a sham surgical procedure without nerve ligation. In the SNL model, stable pain hypersensitivity is typically established 10 -14 days after SNL and lasts for at least 8 weeks. Final morphine analgesic testing and electrophysiological recordings were performed 3-4 weeks after SNL.
Two weeks after surgery, intrathecal catheters were implanted in some SNL rats during isoflurane-induced anesthesia. Briefly, we made a small incision at the back of the neck of the animal. Next, we made a small opening in the atlantooccipital membrane of the cisterna magna and inserted a PE-10 catheter (ϳ8.0 cm) so that the caudal tip reached the lumbar spinal cord (8, 24) . Rats displaying motor or neurological dysfunction after catheter insertion were immediately euthanized.
The G9a/GLP inhibitor UNC0638 (Sigma-Aldrich, St. Louis, MO) or dimethyl sulfoxide vehicle was injected intrathecally at a volume of 10 l, followed by a 5-l saline flush. Drug treatment started 3 weeks after SNL, when chronic pain had become well established. Morphine (West-Ward Pharmaceuticals, Eatontown, NJ) was used for testing the opioid analgesic effect in vivo, and [D-Ala 2 ,N-Me-Phe 4 ,Gly-ol]-enkephalin (DAMGO, Sigma-Aldrich) was used for assessing the opioid effect on synaptic transmission in spinal cord slices. In some SNL rats, G9a-specific siRNA (4 g) or the negative control siRNA was administered intrathecally. G9a-specific siRNA (AGUAACG-GGCAUCAAUGC) or universal negative control siRNA (SIC001, Sigma-Aldrich) was mixed with i-Fect (Neuromics, Edina, MN) to a final concentration of 400 mg/liter for the intrathecal injections (21, 25) .
G9a Conditional Knockout Mice-Wild-type mice (8 weeks of age, both males and females, sex-and age-matched) with a C57/BL6J genetic background were obtained from The Jackson Laboratory (Bar Harbor, ME). We selectively deleted the Ehmt2 gene, which codes for G9a, in the DRG neurons by crossing female mice with a loxP-flanked Ehmt2 gene (Ehmt2 flox/flox mice) with male mice of the primary sensory neuron-specific Cre line Advillin Cre/ϩ (obtained from Dr. F. Wang at Duke University) (26) . From the first cross, we obtained male Advillin Cre/ϩ ; Ehmt2 flox/ϩ mice, which were crossed again to female Ehmt2 flox/flox mice to generate Advillin Cre/ϩ ;Ehmt2 flox/flox mice, referred to henceforth as G9a conditional (KO) mice.
Neuropathic pain was induced in the mice using the spared nerve injury (SNI) model, as described previously (27) . The mice were anesthetized with 2% isoflurane, and a small incision was made on the left lateral thigh to expose the sciatic nerve. We ligated and sectioned the common peroneal and tibial nerves, leaving the sural nerve intact, under a surgical microscope. The sham procedure consisted of the same surgery without nerve ligation and sectioning. Final behavioral testing and spinal cord slice recordings were performed 2-3 weeks after surgery. The animals were killed with 5% isoflurane and exsanguination at the end of the experiments.
Behavioral Assessment of Tactile Allodynia and Hyperalgesia-Behavioral tests were conducted as described previously (24, 28) . In brief, to detect tactile allodynia, we applied von Frey filaments to the left hind paw of the animals (ipsilateral to SNL or SNI). We then placed the rats or mice individually in suspended chambers on a mesh floor. After an acclimation period of 30 min, we applied a series of calibrated von Frey filaments (Stoelting, Wood Dale, IL) perpendicularly to the plantar surface of the hind paw with sufficient force to bend the filament for 6 s. Brisk withdrawal or paw flinching was considered to be a positive response. After a response, the filament of the next lower force was applied. If there was no response, the filament of the next greater force was applied. We calculated the tactile stimulus force that produced a 50% likelihood of a withdrawal response using the "up-down" method (22, 24) .
To quantify the mechanical nociceptive threshold in both the rats and the mice, we performed the paw pressure test on the left hind paw using an analgesiometer (Ugo Basile, Varese, Italy). To activate the device, a foot pedal was pressed, triggering a motor that applied a constantly increasing force on a linear scale. When the animal displayed pain by either withdrawing its paw or vocalizing, the pedal was immediately released, and the nociceptive threshold of the animal was read on the scale (24, 28, 29) . Each trial was repeated two or three times at ϳ2-min intervals, and the mean value was used as the force to produce withdrawal responses.
Quantitative PCR-Total RNA was extracted from the DRG and spinal cord tissues at the L5 and L6 levels using TRIzolchloroform and then treated with DNase I (Invitrogen). cDNA was prepared by using the Superscript III first-strand synthesis kit and then treated with RNase H (Invitrogen). Quantitative PCR was performed using the iQ5 real-time PCR detection system (Bio-Rad) and SYBR Green (Bioline, Taunton, MA). The thermal cycling conditions used were as follows: one cycle at 95°C for 1 min, 40 cycles at 95°C for 15 s, and one cycle at 60°C for 15 s. The following primers were used: rat Oprm1 forward, CCTCTTCGGAAACTTCCTGG; rat Oprm1 reverse, GCCA-TGTTCCCATCAGGTAG; rat Gapdh forward, TGCCACTC-AGAAGACTGTGG; rat Gapdh reverse, TTCAGCTCTGGG-ATGACCTT; mouse Oprm1 forward, TGAAGACTGCCACC-AACATC; mouse Oprm1 reverse, CCACGTTCCCATCAGG-TAGT; mouse Gapdh forward, GGGTGTGAACCACGAGA-AAT; and mouse Gapdh reverse, CCTTCCACAATGCCAAA-GTT. Relative mRNA levels were calculated using the 2 Ϫ⌬⌬CT method and normalized by Gapdh in the same sample.
Western Immunoblotting-The excised DRG and spinal cord tissues were homogenized with a sonicator (Qsonica, Newtown, CT) in ice-cold radioimmunoprecipitation assay buffer containing protease mixture II (Sigma-Aldrich). Proteins were separated by polyacrylamide gel electrophoresis. The following primary antibodies were used: MOR1 (50 kDa, 1:400 dilution, catalog no. sc-7488, Santa Cruz Biotechnology, Dallas, TX) (30) and GAPDH (37 kDa, 1:5000 dilution, catalog no. 5174, Cell Signaling Technology, Danvers, MA). ECL Plus Western blotting substrate (ThermoFisher, Rockford, IL) was used for detecting immunoreactive signals. The amount of proteins was normalized by GAPDH, which was used as a loading control on the same gel.
ChIP-The ChIP assay was carried out using a Magna ChIP G tissue kit (catalog no. 17-20000, Millipore, Billerica, MA) according to the instructions of the manufacturer. Briefly, fresh DRG tissues (DRGs from two rats were pooled for each sample) were stabilized for 3 min using stabilization buffer. The DRGs were then incubated in 2% formaldehyde for 20 min at 25°C. After being washed three times with PBS, the DRGs were incubated in lysis buffer for 15 min on ice. Finally, the DRGs were sonicated in the dilution buffer using a sonicator with a microprobe (Qsonica) at 4°C. Chromatin was pulled down using the following antibodies: IgG (catalog no. ab124055, Abcam, Cambridge, UK), H3 (catalog no. 2650s, Cell Signaling Technology), H3K4me3 (catalog no. 9751s, Cell Signaling Technology) (21) , H3K9ac (catalog no. 39917, Active Motif, Carlsbad, CA) (31), H3K9me2 (catalog no. ab1220, Abcam) (21, 32) , and H3K27me3 (catalog no. 9773s, Cell Signaling Technology) (33) . Real-time PCR was performed on three separate promoter regions of Oprm1. The PCR thermal conditions were as follows: one cycle at 95°C for 1 min, 40 cycles at 95°C for 15 s, and once cycle at 60°C for 15 s. The following primers were used: Oprm1 (Ϫ43/ϩ63 bp, around the transcription start site (TSS)), CAC-TCCTCTCCTCCCTCCTC (forward) and CAGAGGCGCAT-CTCTAGCTT (reverse); Oprm1 (Ϫ411/Ϫ302 bp, upstream of the TSS), AACAGGTTTGTGGGGTTGAA (forward) and AA-CAGGTTTGTGGGGTTGAA (reverse); and Oprm1 (ϩ376/ ϩ495 bp, downstream of the TSS), CAACTTGTCCCACG-TTGATG (forward) and TAATGGCTGTGACCATGGAA (reverse).
Spinal Cord Slice Preparation and Electrophysiological Recordings-We removed the lumbar spinal cord from rats or mice via laminectomy during isoflurane-induced anesthesia. The spinal cords at the L5 and L6 levels were placed in ice-cold sucrose artificial cerebrospinal fluid containing 234.0 mM sucrose, 3.6 mM KCl, 1.2 mM MgCl 2 , 2.5 mM CaCl 2 , 1.2 mM NaH 2 PO 4 , 12.0 mM glucose, and 25.0 mM NaHCO 3 presaturated with 95% O 2 and 5% CO 2 . The spinal cord tissue was then placed in a shallow groove formed in an agar block and glued on the stage of a vibratome. Transverse slices (400 m thick) of the spinal cords were cut in ice-cold sucrose artificial cerebrospinal and preincubated in Krebs solution (117.0 mM NaCl, 3.6 mM KCl, 1.2 mM MgCl 2 , 2.5 mM CaCl 2 , 1.2 mM NaH 2 PO 4 , 11.0 mM glucose, and 25.0 mM NaHCO 3 ) oxygenated with 95% O 2 and 5% CO 2 at 34°C for at least 1 h before being transferred to the recording chamber. The spinal cord slices were placed in a glass-bottomed chamber (Warner Instruments, Hamden, CT) and continuously perfused with Krebs solution at 3.0 ml/min at 34°C, maintained by an inline solution heater and a temperature controller.
The spinal lamina II, a translucent region in the superficial dorsal horn, was identified on an upright fixed-stage microscope using differential interference contrast/infrared illumination. The lamina II outer neurons were visualized and selected for whole-cell patch clamp recordings because they predominantly receive nociceptive input (34 -36) . We filled a glass pipette (5- (10, 28) . The input resistance was monitored, and the recording was abandoned if it changed more than 15%. Signals were recorded using an amplifier (MultiClamp700B, Axon Instruments Inc., Union City, CA), filtered at 1-2 kHz, digitized at 10 kHz, and stored for offline analysis. We used electrical stimulation (0.2-0.4 ms, 0.6 mA, and 0.1 Hz) of the dorsal root to evoke excitatory postsynaptic currents (EPSCs). EPSCs were recorded at a holding potential of Ϫ60 mV, and monosynaptic EPSCs were identified on the basis of the constant latency and the absence of conduction failure of evoked EPSCs in response to a 20-Hz electrical stimulation, as we described previously (10, 37) . In the electrophysiological experiments, at least three animals were used for each group.
Statistical Analysis-All data were expressed as the mean Ϯ S.E. Analyses of the opioid effect on the amplitude of evoked EPSCs were performed using Clampfit (Axon Instruments). Statistical analysis was performed using Prism software (GraphPad Software Inc., La Jolla, CA). We used Student's t test to compare two groups and one-way or two-way analysis of variance followed by Dunnett's or Tukey's post hoc test to compare more than two groups. We used nonparametric analyses (i.e. Mann-Whitney or Kruskal-Wallis test) when data were not normally distributed. The level of significance was set at p Ͻ 0.05.
Results

Nerve Injury Diminishes MOR Expression in the DRG-SNL
is a commonly used animal model of neuropathic pain (22, 24) . Using quantitative PCR, we determined the mRNA level of Oprm1 in the L5 and L6 DRGs at 5, 10, and 21 days after SNL. SNL, but not the sham procedure, caused a large reduction in the mRNA level of Oprm1 in DRGs at all three time points after surgery (Fig. 1A) . Western immunoblotting showed that SNL also profoundly reduced the MOR protein level in the DRGs 21 days after surgery (Fig. 1B) . However, SNL did not significantly change the Oprm1 mRNA level or the MOR protein level in the dorsal spinal cords (Fig. 1, C and D) . APRIL 15, 2016 • VOLUME 291 • NUMBER 16
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Nerve Injury Consistently Increases H3K9me2 Levels in the Oprm1 Promoter in the DRG-Histone modifications associated with transcriptionally inactive chromatin include H3K9ac, H3K9me2, and H3K27me3, which are catalyzed by histone deacetylases, G9a and GLP, and enhancer of zeste homolog 2 (EZH2), respectively (13, 14, 38) . To determine which histone modification is involved in the silencing of Oprm1 expression after nerve injury, we performed ChIP followed by quantitative PCR (ChIP-PCR) to determine how SNL alters different histone marks at the promoter regions of Oprm1 in the DRG. We selected two activating histone marks, H3K4me3 and H3K9ac (39 -41), and two repressive histone marks, H3K9me2 and H3K27me3 (42, 43) , because these four marks are predictive of gene expression in the DRG (21, 25) . SNL caused a large increase in the occupancy of H3K9me2 in all three promoter regions of Oprm1 in the DRG (Fig. 2) . In contrast, SNL significantly altered the enrichment of H3K9ac and H3K27me2 around the TSS, but not in the two other promoter regions, of Oprm1 in the DRG (Fig. 2) . Also, SNL did not consistently affect the occupancy of H3K4me3 in the three promoter regions of Oprm1 in the DRG (Fig. 2) . These data suggest that nerve injury-induced Oprm1 silencing in the DRG is predominantly associated with increased enrichment of H3K9me2. 
Inhibition of G9a Restores MOR Expression and Rescues the Morphine Analgesic Effect in Neuropathic
Pain-We next examined whether inhibition of G9a activity could reverse diminished MOR expression in the injured DRG. Because intrathecal injections bring agents in direct contact with DRG neurons (21, 25) , we treated the animals with daily intrathecal injections of 10 g of UNC0638, a highly specific G9a/GLP inhibitor (44) , or vehicle for 7 days. The efficacy and specificity of intrathecal UNC0638 had been confirmed by quantifying H3K9me2 and other histone marks in our recent in vivo study (21) . As expected, treatment with UNC0638 normalized the mRNA and MOR protein levels in the injured DRGs (Fig. 3, A  and B) and significantly attenuated pain hypersensitivity in SNL rats before morphine treatment (Fig. 3, C and D) .
To directly determine whether increased G9a activity is involved in the diminished morphine analgesic effect in neuropathic pain, we measured the effect of two different doses of morphine administered intrathecally or intraperitoneally on nociception in SNL rats 7 days after treatment with UNC0638 or vehicle. In vehicle-treated SNL rats, neither dose of intrath- A and B , the mRNA and protein levels of MORs in the DRG from sham or SNL rats treated with UNC0638 (UNC) or vehicle (Veh) (n ϭ 7 rats/group). UNC0638 treatment began 21 days after nerve ligation. The ipsilateral L5 and L6 DRG tissues were obtained 24 h after the last UNC0638 injection. The amount of MOR mRNA and protein was normalized to GAPDH in the same samples, and the mean value of MOR levels in sham control rats was considered to be 1. C, time course of the effect of intrathecal morphine on the tactile and pressure withdrawal thresholds in SNL rats treated with UNC0638 or vehicle (n ϭ 10 rats/group). D, time course of the effects of intraperitoneal morphine on the tactile and pressure withdrawal thresholds in SNL rats treated with UNC0638 or vehicle (n ϭ 9 rats/group). The withdrawal thresholds 21 days after SNL were plotted as the baseline control (BL). Data are shown as means Ϯ S.E. *, p Ͻ 0.05; **, p Ͻ 0.01 compared with the sham group or respective baseline controls (time 0). #, p Ͻ 0.01 compared with the respective baseline. Student's t test (A and B) or one-way ANOVA (C and D) was used. ecal morphine (0.3 and 3.0 g) had a substantial effect on tactile allodynia, measured with von Frey filaments, or mechanical hyperalgesia, tested with a noxious pressure stimulus. In contrast, the analgesic effects of intrathecal morphine on allodynia and hyperalgesia were significantly potentiated in UNC0638treated SNL rats (Fig. 3C) . Similarly, intraperitoneal injection of morphine at both 2.5 and 5.0 mg/kg produced only small effects on allodynia and hyperalgesia in vehicle-treated SNL rats. By comparison, treatment with UNC0638 largely enhanced the analgesic effect of systemic morphine in SNL rats (Fig. 3D) . These results suggest that increased G9a activity has an important function in Oprm1 silencing in injured DRGs and the diminished opioid analgesic effect in neuropathic pain.
siRNA Knockdown of G9a Rescues the MOR Expression Levels and the Morphine Analgesic Effect in Neuropathic Pain-Because our ChIP-PCR data suggested a dominant role for G9amediated H3K9me2 in nerve injury-induced Oprm1 silencing, we used an siRNA targeting the G9a-encoding gene Ehmt2 to validate the results obtained with UNC0638. The efficacy and specificity of the G9a siRNA in the rat DRG had been validated in our previous study (21) . Intrathecal injection of G9a-specific siRNA, but not control siRNA, for 4 days significantly increased the Oprm1 mRNA and MOR protein levels in the injured DRGs (Fig. 4, A and B) and significantly reduced tactile allodynia and mechanical hyperalgesia before morphine treatment ( Fig. 4C ) (21) . Furthermore, behavioral tests showed that the effects of morphine on tactile allodynia and mechanical hyperalgesia were much greater in G9a-specific siRNA-treated SNL rats than in control siRNA-treated SNL rats (Fig. 4C) .
Nerve Injury Has No Effect on MOR Expression and Opioid Analgesia in G9a
Conditional KO Mice-To directly demonstrate the role of G9a in DRG neurons in the diminished MOR expression and opioid analgesia caused by nerve injury, we selectively deleted Ehmt2 in DRG neurons by crossing Ehmt2 flox/flox mice with the primary sensory neuron-specific Cre mouse line Advillin Cre/ϩ (21, 26) , producing G9a conditional KO mice. In wild-type control mice, SNI significantly decreased the tactile and pressure withdrawal thresholds and reduced the mRNA and protein levels of MORs in the DRG (Fig. 5) . In contrast, in the G9a conditional KO mice, SNI did not produce chronic pain hypersensitivity (21) and failed to reduce the mRNA and protein levels of MORs in the DRG (Fig.  5) . Also, the analgesic effect of systemic morphine at both 2.5 and 5.0 mg/kg was markedly greater in G9a conditional KO or G9a-specific siRNA (n ϭ 10 rats/group). The ipsilateral L5 and L6 DRG tissues were removed 24 h after the last siRNA injection. The amount of MOR mRNA and protein was normalized to GAPDH in the same samples, and the mean value of MOR levels in sham control rats was considered to be 1. C, time course of the intrathecal morphine effects on the tactile and pressure withdrawal thresholds in sham and SNL rats treated with G9a-specific siRNA or negative control siRNA (n ϭ 9 rats/group). The withdrawal thresholds after the last siRNA injection were plotted as the baseline control (BL). Data are shown as means Ϯ S.E. *, p Ͻ 0.05; **, p Ͻ 0.01 compared with the sham group or respective baseline control (time 0). #, p Ͻ 0.01 compared with the respective baseline (one-way ANOVA). mice than in littermate control mice 2 weeks after SNI surgery (Fig. 5) . These results clearly indicate that G9a in DRG neurons is essential for the nerve injury-induced reduction in MOR expression and the opioid analgesic effect.
Inhibition of G9a Restores the Inhibitory Effect of DAMGO on Glutamate Release from Primary Afferent Nerves-Activation of MORs has a profound inhibitory effect on glutamatergic synaptic transmission between primary afferent nerves and spinal dorsal horn neurons (9, 10) . Thus, we conducted electrophysiological experiments to determine whether G9a inhibition could restore the effect of the MOR agonist on synaptic glutamate release from primary afferent nerves in SNL rats. DAMGO, a highly specific MOR agonist (10, 45) , was used for the spinal cord slice recordings. To measure glutamate release from presynaptic terminals of primary afferent nerves, we recorded EPSCs of spinal dorsal horn neurons evoked monosynaptically by electrical stimulation of the attached dorsal root (10, 37) . Bath application of DAMGO at 0.2-2 M reduced the amplitude of evoked EPSCs of dorsal horn neurons from shamoperated rats in a concentration-dependent manner (Fig. 6) . The inhibitory effect of DAMGO on evoked EPSCs was profoundly reduced in SNL rats compared with sham control rats. Treatment with the G9a/GLP inhibitor UNC0638 fully restored the inhibitory effect of DAMGO on EPSCs in SNL rats to the level observed in the sham control group (Fig. 6 ). These data further validate the finding that increased G9a activity is signif- icant in the diminished MOR expression and function in primary sensory neurons in neuropathic pain.
Ablation of G9a in DRG Neurons Preserves the Opioid Effect on Synaptic Glutamate Release from Primary Afferents after
Nerve Injury-We next used G9a conditional KO mice to determine the role of G9a in DRG neurons in nerve injury-induced reduction in the opioid effect on glutamate release from primary afferent nerves. In wild-type control mice, nerve injury caused a large reduction in the inhibitory effect of 0.2-2 M DAMGO on the amplitude of monosynaptically evoked EPSCs (Fig. 7) . However, in G9a conditional KO mice, SNI failed to reduce the inhibitory effect of DAMGO on the amplitude of monosynaptic EPSCs of spinal dorsal horn neurons (Fig. 7) .
These results indicate that G9a in DRG neurons plays a key role in nerve injury-induced reduction in the opioid inhibition of primary afferent input to spinal dorsal horn neurons.
Discussion
A major finding of our study is that Oprm1 expression diminished by nerve injury was associated with increased levels of H3K9me2 in the Oprm1 promoter region in the DRG. We found that nerve injury caused a large and sustained reduction in MOR expression levels in the DRG. The opioid effect on synaptic glutamate release from primary afferent terminals was also significantly attenuated by nerve injury. Thus, when the level of MORs in DRG neurons and their central termini is reduced by nerve injury, activation of MORs cannot adequately reduce the excitatory input from nociceptors, thereby leading to the diminished opioid analgesic effect on neuropathic pain. G9a-mediated H3K9me2 is generally associated with transcriptional repression and gene silencing (16) . We found that the enrichment of H3K9me2 occurred not only around the TSS but also at ϳ500 bp upstream and ϳ500 bp downstream of the TSS. This finding suggests that increased histone methylation by G9a is widely distributed in the promoter region of Oprm1 in the injured DRG. In contrast, nerve injury-induced changes of other histone marks (e.g. H3K4me3, H3K9ac, and H3K27me3) occurred predominantly at the Oprm1 TSS in the DRG. Thus, we conclude that G9a-controlled H3K9me2 has a dominant function in the silencing of Oprm1 by nerve injury in the DRG. These data support the general notion that a closed chromatin structure mediated by G9a contributes to nerve injury-induced transcriptional repression of Oprm1 in the DRG.
By using complementary approaches, our study provides unequivocal evidence linking G9a-mediated Oprm1 gene silencing in the DRG to the diminished MOR expression and reduced opioid analgesic effect found in neuropathic pain. We found that treatment with either a G9a/GLP inhibitor or a G9aspecific siRNA fully reversed the decrease in MOR expression level in the injured DRG and in the opioid analgesic effect diminished by nerve injury. Also, nerve injury failed to reduce MOR expression and the opioid analgesic effect in G9a conditional KO mice in which Ehmt2 had been specifically deleted in DRG neurons (21) . Furthermore, the inhibitory effect of DAMGO on glutamate release from presynaptic terminals of primary afferent nerves in the spinal dorsal horn was normalized both by treatment with a G9a/GLP inhibitor and in G9a conditional KO mice. Therefore, our study identified an essential role for G9a in nerve injury-induced silencing of MOR expression in DRG neurons and in the diminished opioid analgesic effect in neuropathic pain.
G9a is a crucial chromatin regulator that could link histone modifications, DNA methylation, and transcriptional repressors in the epigenetic silencing of MORs in the DRG after nerve injury. G9a may interact with DNA methyltransferases to coordinate DNA and histone methylation (46) . DNA methylation may also contribute to the diminished MOR expression caused by nerve injury in the mouse DRG (47) . Transcription factors, such as repressor element 1-silencing transcription factor may bind to the Oprm1 promoter to inhibit Oprm1 expression through histone deacetylases. Both histone deacetylase inhibi- tors and repressor element 1-silencing transcription factor knockdown can increase MOR expression levels and the morphine analgesic effect reduced by nerve injury (12, 48) , supporting this possibility. Because G9a is essential for silencing of repressor element 1-silencing transcription factor-regulated genes (49) and can regulate polycomb repressive complex 2 on histone H3K9 to mediate gene silencing (38) , it is possible that G9a forms a repressive complex with repressor element 1-silencing transcription factor, histone deacetylases, DNA methyltransferases, and EZH2 at the Oprm1 promoter in the injured DRG. Although our study indicates that G9a has an essential function in nerve injury-induced Oprm1 silencing in the DRG, further studies are warranted to define its complex interactions with other epigenetic components in coordinating gene expression in neuropathic pain.
In summary, our findings provide new insights into the epigenetic mechanism regulating MOR expression in primary sensory neurons in neuropathic pain. Our multidisciplinary approach provides conclusive evidence for G9a as a key chromatin regulator responsible for MOR down-regulation in the DRG and the analgesic efficacy of opioids reduced by nerve injury. A better understanding of the epigenetic mechanisms underlying nerve injury-induced down-regulation of MORs in primary sensory neurons could help improve the analgesic efficacy of opioids for treating chronic neuropathic pain. G9a inhibitors could be used to enhance the opioid analgesic effect and reduce opioid consumption in patients with chronic neuropathic pain.
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